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Abstract—In this paper MIMO radars with broadband
waveforms are considered. A time domain viewpoint is
taken, which allows frequency invariant beamforming
with a filter bank called the smearing filter bank. Mo-
tivated by recent work on two dimensional arrays to
obtain frequency invariant one dimensional beams, the
generation of two dimensional virtual arrays from one
dimensional ULAs is also considered. It is also argued
that when the smearing filter bank is appropriately used,
frequency invariant 2D beams can be generated.1
I. INTRODUCTION
The concept of MIMO radars has created considerable
excitement in recent years [1], [2], [4], [6], [10], [11]. When
the transmitted signals in a MIMO radar are broadband,
the beamforming performance becomes frequency dependent,
and special care should be taken to ensure frequency in-
variance. A standard technique is to replace the constant
beamforming multipliers with filters [15], [3], [8]. For MIMO
radars since the virtual array at the receiver can be quite long
[1], this results in large complexity at the receiver. A more
fundamental issue is that the concept of a virtual array does
not extend to the broad band case unless we exercise special
care, as we shall see. Broadband issues in MIMO radar have
been discussed in the past though not extensively [7].
In this paper we present some new directions for broad
band MIMO radar. We first present a time domain view of the
effect of broadband signals (Sec. II), and then propose the use
of a so-called smearing filter bank at the receiver, to achieve
frequency invariance (Sec. III). The method is applicable to
SIMO as well as MIMO radars. One of the fundamental ideas
in MIMO radars is the generation of the virtual array [1]. In
Sec. IV we consider the generation of two dimensional virtual
arrays and discuss the issues that arise in the broadband case.
This section was motivated by the work in [5] wherein it
is shown that frequency invariance can be achieved in one
dimensional beamforming by using a 2D array with constant
multipliers rather than filters. But we will find that there are
major differnces in Sec. IV.
1Work supported in parts by the Office of Naval Research grant
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II. BROADBAND SIGNALS IN MIMO RADAR
In this section we take a fresh look at the effect of wideband
signals on beamforming. This opens up a new way to achieve
frequency invariance in beamforming. This approach, called
the smearing filter bank approach, is described in Sec. III.
II.1 Wideband case, standard frequency domain view
Given an N element receiving ULA with element spacing
d, the signal received at the nth element from direction of
arrival (DOA) θ (measured from the normal to the ULA) has
the form ejωcte−jωcnd sin θ/c in the narrowband case. Here
c represents the speed of propagation and ωc is the carrier
frequency. (The delay due to range is ignored, as it is fixed
for a given range cell). After demodulating the carrier we
therefore have the signals e−jωcnd sin θ/c, 0 ≤ n ≤ N − 1,
which are used in beamforming. In the broadband case the
nth sensor receives a superposition of these single-frequency
components
rn(t) =
∫
X(jω)ejωte−jω(nd sin θ/c)
dω
2π
(1)
where the transmitted signal x(t) has Fourier transform
X(jω) supported in a band of widthB Hz (e.g.,−πB < ω <
πB). The traditional way to obtain a frequency invariant beam
is to filter rn(t) with a filter An(jω) and sum the results:
y(t) =
∑N−1
n=0
(an ∗ rn)(t), where ∗ denotes convolution.
In the frequency domain this takes the form Y (jω) =∑N−1
n=0
An(jω)Rn(jω), that is,
Y (jω) = X(jω)
N−1∑
n=0
An(jω)e
−jω(nd sin θ/c) (2)
(The notation Y (jω, θ) would be more complete but we keep
it simple). The filters An(jω) are designed such that the
above summation is almost independent of ω, that is,
N−1∑
n=0
An(jω)e
−jω(nd sin θ/c) ≈ B(θ) (3)
The quantity B(θ) is then the frequency invariant beam
pattern. In this case we approximately have
Y (jω) = X(jω)B(θ) (4)
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or equivalently y(t) = x(t)B(θ). Thus the original wave-
form x(t) is reproduced, with the beam pattern’s gain B(θ)
attached to it at each angle θ. Many interesting methods have
been reported [3], [8], [12], [15] for the design of the filter
bank {An(jω)} which achieves the frequency invariance (3).
II.2 Wideband case, time domain view
If s(t) is the waveform transmitted on a carrier ωc, the
received signal at the nth sensor is
s(t− tn)ejωcte−j
ωc
c
(nd sin θ) (5)
where tn = nd sin θ/c. We have assumed a point target,
and neglected to show the noise and clutter terms; any
frequency dependence of the radar cross section is ignored for
simplicity. Unlike in the previous subsection we have shown
the carrier and baseband waveforms separately. With d = λ/2
the delay in the baseband signal s(n) becomes
tn =
nλ sin θ
2c
=
(
π sin θ
ωc
)
n (6)
where we have used c = ωcλ/2π. So the delay depends on
the direction of arrival θ, the element location n, and the
carrier frequency ωc. For fixed DOA θ, we see that the delay
is a linear progression:
0, τθ, 2τθ, . . . , (N − 1)τθ
as demonstrated in Fig. 1. The worst possible delay therefore
occurs when sin θ = 1 and n = N − 1, and is given by
τmax =
(N − 1)π
ωc
(7)
For negative θ, s(t − t0) is delayed with respect to s(t −
tN−1), so the total range in delay is 2τmax. Now, the
significant duration of the baseband waveform s(t) is in-
versely proportional to its bandwidth B. More precisely, the
autocorrelation of s(t) (output of the matched filter which
is typically used at the receiver) has duration of the order
of 1/B, and s(t) itself has duration Q/B where Q is the
pulse compression ratio. Since the matched filter output is
what determines the performance, let us assume the duration
of interest is
D =
1
B
(8)
The question is, how does the worst case delay τmax compare
with this duration? The delay τmax is inversely proportional
to the carrier frequency ωc, whereas the duration D is
inversely proportional to the bandwidth B. In the narrow-
band case we have B << ωc/2π, or equivalently
ωc
2π
>> B, (9)
so that
τmax << D (narrowband case), (10)
and the delays tn are negligible as demonstrated in Fig. 2.
So, beamforming can be done under the usual assumption that
the matched filter output at the nth sensor after sampling is
y(n) = e−j
ωc
c
(nd sin θ) (11)
In the wideband case, however, these delays are not negligi-
ble, as demonstrated in Fig. 1.
t
t
t
s(t - t  )0
s(t - t  )1
s(t - t     )N- 1
(π sinθ )/ω c
Fig. 1. The received waveform s(t − tn) at the N sensor
locations, in the wideband case.
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s(t - t     )N- 1
(π sinθ )/ω c
Fig. 2. The received waveform s(t − tn) at the N sensor
locations, in the narrow band case.
For the case of MIMO radars the preceding discussions
continue to hold, but there are important differences. Here
the transmitter is an ULA with M elements and the receiver
is a (colocated) ULA with N elements. The signal sm(t)
transmitted by the mth transmitting element is received at
the nth receiving array element in the form
ym,n(t) = sm(t− tT,m − tR,n)e−jωc(tT,m + tR,n) (12)
where we have assumed that the carrier ejωct is removed by
demodulation. Here the delays tT,m and tR,n are
tT,m =
mdT sin θ
c
, tR,n =
ndR sin θ
c
. (13)
Substituting the typical values dR = λ/2 and dT = NdR,
the worst case delay is
τmax =
(MN − 1)π
ωc
(14)
Once again, this cannot be neglected in the broadband case.
The broad band effect is more pronounced in the MIMO
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radar, because of the presence of MN instead of N. Notice
that in the narrowband case sm(t − tT,m − tR,n) in Eq.
(12) can be replaced with sm(t). After using a matched filter
bank {Hk(jω)} at the output of each sensor (Fig. 3), we can
then form a virtual array with MN elements because of the
phases of the terms e−jωc(tT,m + tR,n). In the broadband
case however, because of the presence of sm(t−tT,m−tR,n),
we do not have a virtual array yet. We have to work a little
harder for that.
dT
ULA at transmitter
(M  elements)
ULA at receiver
(N elements)
dR
H0 H1 M filters
sampling
Fig. 3. The conventional MIMO radar with M transmit
antenna elements and N receiving antenna elements.
III. THE SMEARING FILTER BANK FOR FREQUENCY
INVARIANCE
We see therefore that in the broadband case the outputs of
the matched filters have extra shifts which depend on the
DOA, the element location, and the bandwidth (in relation to
carrier). This is true for SIMO as well as MIMO radars. The
difference in the MIMO case is that N is replaced withMN
and tn becomes doubly indexed (tm,n = tT,m + tR,n).
For digital beamforming, we have to sample the matched
filter outputs at the peak, and this becomes difficult because
of the delays tn which unfortunately depend on the DOA
θ. A simple way to overcome this difficulty is to smear the
narrow pulses at the matched filter outputs before sampling:
we smear the pulses by a certain amount so that all of
the delayed waveforms will have identical magnitudes at a
certain common point ts in time as demonstrated in Fig. 4.
(In practice, we would have one such sampling instant ts in
each range cell.) This is quite practicable since the worst-case
delay (7) is known. The tradeoff is that the sharpness of the
matched filters is compromised, and so is the SNR because
matched filters maximize the SNR. However, the frequency
dependence of beamforming is completely eliminated.
It is true that smearing reduces the range resolution be-
cause the sharpness of the pulse is compromised. Buf if this
is not done, then the potentiality for range resolution arising
from sharpness of pulses is not useful anyway (because
the received pulses are staggered). The total widening or
smearing of the pulse is equal to the worst case delay suffered
due to broadband property.
The smearing can be achieved by using a simple filter
whose impulse reponse approximates a flat pulse. In fact this
filter need not be the same for all the pulses. From Fig. 1 we
see that the first pulse has to be smeared the most. So we
can have a smearing filter bank with the amount of smearing
minimized according to need. In fact one can seek to find
the optimal smearing filter bank which also takes SNR into
account.
t
t
t
s(t - t  )0
s(t - t  )1
s(t - t     )N- 1
smeared version
ts
Fig. 4. Smearing the matched filter outputs before sampling.
-1 -0.5 0 0.5 1
-140
-120
-100
-80
-60
-40
-20
0
Fig. 5. Beam pattern after pulse smearing.
Since each matched filter can be combined with its smearing
filter in cascade, the problem reduces to one of optimizing a
filter bank
Gk(jω), 0 ≤ k ≤ N − 1, (15)
at the output of each of theN receiving sensors. The smearing
filters are followed by uniform samplers, after which we can
do digital beamforming as usual. Figure 5 shows an example
of a Dolph-Chebyshev beam generated in this way. In this
example the waveform s(t) is a broad band chirp, the array
has 15 antenna elements, and the smearing filters are simple,
identical, lowpass filters.
For the MIMO radar the filter bank has to be implemented
in two stages, like a tree sructure. First we use a smearing
filter Gk(jω) at the output of each sensor to compensate for
tR,n. Then we pass each of these outputs through a smearing
filter bank {Hk(jω)} to compensate for tT,n. The outputs of
these MN filters are sampled at a fixed time in each range
cell. We can then form a virtual array at the receiver. Notice
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that in the MIMO radar case, in order to avoid cross talk
between the M signals after matched filtering, the orthog-
onality condition
∫∞
−∞ sm(t)s
∗
k(t)dt = δ(k −m) has to be
replaced with the stronger condition
∫∞
−∞ sm(t)s
∗
k(t−τ)dt =
δ(k−m), for all τ. This is equivalent to Sm(jω)S∗k(jω) = 0
for all ω (non overlapping frequency bands). Such waveforms
can be approximated using uniform filter banks with good
prototype lowpass filters [13].
IV. VIRTUAL ARRAYS IN HIGHER DIMENSIONS
It has recently been shown by Ghavami [5] that frequency
invariance can be achieved in one dimensional beamforming
by using a 2D array with constant multipliers rather than fil-
ters. (In this application the 2D array performs beamforming
only in the azimuth dimension.) We first explain this and then
consider the generation of 2D virtual arrays from 1D linear
arrays. Thus, first consider the 2D uniform array shown in
Fig. 6. If a plane wave arrives at elevation φ and azimuth
θ, then the path difference between the 0th element and the
(m,n)th element is given by (mdx cos θ + ndy sin θ) sinφ.
Here sinφ is due to the projection of the path difference
onto the XY -plane, and cos θ and sin θ arise due to further
projections along the X and Y axes. Since a path difference
of d corresponds to a time difference of d/c where c is
the velocity of wave propagation, the signal arriving at the
(m,n)th sensor element is proportional to
ejωcte−j
ωc
c
(mdx cos θ+ndy sin θ) sin φ (16)
This holds in the narrowband case. In the broadband case,
this is replaced with a superposition of frequencies:
ym,n(t) =
∫
X(jω)ejωte−j
ω
c
(mdx cos θ+ndy sin θ) sin φ dω
2π
(17)
or equivalently
Ym,n(jω) = X(jω)e
−j ω
c
(mdx cos θ+ndy sin θ) sin φ (18)
To see how the 2D array can be used for one dimensional
frequency invariant beam forming, set φ = π/2. If we use
constant multipliers αm,n for beamforming, the beamformer
gain is
N−1∑
n=0
e
−jω(ndy sin θ)
c
M−1∑
m=0
αm,ne
−jω(mdx cos θ)
c (19)
The doubly indexed multipliers αm,n offer the freedom to
force the preceding expression to be approximately indepen-
dent of ω. Thus, instead of having a singly indexed set of
filters as in earlier work, there is a doubly indexed set of
numbers in [5] to achieve frequency invariance. For design
details see [5].
IV.1 2D Virtual arrays
Now consider Fig. 7 which shows a MIMO radar system with
a one dimensional uniform linear array with M elements at
the transmitter, and a one dimensional uniform linear array
with N sensor elements at the receiver. The arrays are in
orthogonal directions. Themth transmitting element transmits
the waveform sm(t) on a common carrier frequency ωc.
x
y
dx
d y
0
θ
φ
elevation φ
azimuth θ 
Fig. 6. A two dimensional uniform sensor array.
x
y
dT
dR
1D ULA (transmit)
1D ULA (receive)
M  elements
N elements
Fig. 7. A MIMO radar system with one dimensional orthog-
onal arrays at transmitter and receiver.
Assuming that the transmitter and receiver are colocated, the
signal arriving at the nth receiving element is a superposi-
tion of the waveforms transmitted from the M transmitting
elements, and is given by
M−1∑
m=0
sm(t−tT,m−tR,n)ejωcte−j
ωc
c
(mdT cos θ+ndR sin θ) sinφ
Here the delays tT,m and tR,n are created due to the locations
of the mth transmitting and nth receiving elements, and are
given by
tT,m =
mdT cos θ sinφ
c
, tR,n =
ndR sin θ sinφ
c
(20)
First consider the narrowband case (bandwidth of sm(t) is
<< ωc) where we can neglect the effect of delays to write:
sm(t− tT,m − tR,n) ≈ sm(t) (21)
Thus, after demodulation (multiplication with e−jωct) the
signal at the nth receiving sensor is
rn(t) =
M−1∑
m=0
sm(t)e
−j ωc
c
(mdT cos θ+ndR sin θ) sin φ (22)
This signal is filtered by a matched filter bank with M filters
hk(t) = s
∗
k(−t). Since the transmitted waveforms are usually
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orthogonal:
∫ ∞
−∞
sm(t)s
∗
k(t)dt = δ(k −m), (23)
the output of the mth matched filter connected to the nth
receiveing sensor is given by
y(m,n) = e−j
ωc
c
(mdT cos θ+ndR sin θ) sin φ (24)
Note that this is the matched filter output sampled at zero
time where the autocorrelation of sm(t) has its peak. This is
precisely the signal received by the 2D array (Eq. (16)). Thus
the narrowband MIMO radar with two 1D ULAs produces
a 2D virtual array with element spacings dT and dR
along the horizontal and vertical directions. This idea can be
extended to other geometries. For example consider Fig. 8.
This shows a MIMO radar system with a 1D uniform linear
array at the transmitter, and a circular array at the receiver
(colocated). The plane of the circular array is perpendicular
to the transmitting ULA. Under the narrow band assumption,
we obtain a cylindrical virtual array in three dimensions
as shown in the figure.
In the broad band case, we have to use smearing filter
banks before sampling, in order to be able to obtain a virtual
array, as described in Sec. III. By using this technique, we can
therefore obtain two and higher dimensional virtual arrays
of the kind shown in the figure. Since these arrays can be
rendered frequency invariant by the use of smearing filters,
they can perform two dimensional beamforming unlike [5],
where the 2D array is used to perform frequency invariant
beamforming in only one dimension. An altogether different
technique to exploit the virtual array concept in the broadband
case is reported in [9] which uses orthogonal waveforms
sm(t) in different frequency bands. In this case there is no
need for the smearing filters.
V. CONCLUDING REMARKS
We considered a number of interesting problems relating
to broad band beamforming and virtual array generation in
MIMO radars. The method based on smearing filter banks
offers great simplicity and allows us to form MIMO virtual
arrays in the broadband case. The smearing method can be
related to the DFT method for broad band beamforming [14];
since the DFT system can be considered as a filter bank,
retaining the lowpass band is qualitatively similar to the above
method. But the above viewpoint shows that there is more
freedom in choice of the smearing filters.
The issue of optimizing the smearing filter bank (based on
practical criteria such as the SINR) appears to be an interest-
ing problem. In fact, joint optimization of the MIMO radar
waveforms sk(t) and the receiving filter bank responses hk(t)
is another interesting problem to consider. The viewpoint
taken in this paper is that the wideband property is a nuisance
which needs to be overcome before beamforming; so only a
narrow region of the band is retained in the beamforming.
If the wideband signals are information bearing, then the
approach in [9] is more appropriate.
circular array (receiver)
1D ULA (transmitter)
M  elements
 cylindrical
virtual array
Fig. 8. MIMO radar with a 1D ULA at the transmitter, and a
circular array at the receiver. The virtual array is a cylinder.
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